KendalPs tau Estimates of Significance of Trends in Sulfate
Concentrations in Precipitation at Selected Sites, 1980 Sites, -1991 
INTRODUCTION
This report summarizes results from a statistical analysis of trends in wet atmospheric deposition data at 33 National Atmospheric Deposition Program/National Trends Network (NADP/NTN) stations from 1980 to 1991. The stations were identified as meeting selection criteria established by the NADP for calculating annual statistics for concentrations and deposition of chemical constituents [NADP/NTN, 1991] . Sulfate, nitrate and pH data were analyzed using a modified KendalTs tau procedure [Schertz and Hirsch, 1985] .
TREND ANALYSIS OF SULFATE, NITRATE CONCENTRATIONS AND pH IN PRECIPITATION
Data Sources Wet atmospheric deposition data were collected as part of the NADP/NTN program using protocols documented in [NADP/NTN, 1991] . This program provides weekly observations of precipitation chemistry at approximately 200 sites across the Nation. Thirty three of the stations having the most complete and longest period of record were selected for analysis. These sites, however, do not necessarily represent a random sample of atmospheric deposition throughout the Nation. Therefore, caution should be used when drawing inferences about National trends from this sample.
A general outline of the sampling and analysis procedures taken from the 1990 NADP/NTN Annual Data Summary follows. An Aerochem Metrics1 Wet/Dry Precipitation Collector and a Belfort 5-780 Universal Rain Gage were installed at each station. The Aerochem collector, equipped with two 13-liter polyethylene buckets, collects cumulative weekly samples of precipitation. One bucket is covered only during precipitation events. The other bucket, the "wetside" bucket, is covered only during non-precipitation events. The Belfort Rain Gage, equipped with an event pen, simultaneously collects an independent precipitation measurement. Once a week the "wet-side" bucket is removed and sent to the Central Analytical Laboratory, Champaign, Illinois for chemical analysis. The collector volume (volume of water in the bucket) is also recorded. Analysis for sulfate (804) and nitrate (NOs) is conducted using Ion Chromatography with a detection limit of 0.03 mg/L for both. The Electrometric method is used to measure pH. An independent quality-assurance program is used to verify the precision and accuracy of the data. The data collected at a station must meet four completeness criteria before that station will be included in NADP/NTN Annual Data Summary tables.
Data Editing Fewer than one percent of the collector volumes were reported as missing values. For this analysis, missing collector volumes at a station were replaced by that station's average observed collector volumes for all valid samples between 1980 and 1991. Generally, this should preserve the total volume of annual precipitation. Samples taken during weeks without precipitation (that is, reporting zero collector volume) presumably correspond to dry deposition. These samples were excluded from this wet-deposition analysis.
In addition to collector volumes, some concentrations of NO3 and SO4 were reported as missing. Missing concentration values were discarded from the data set prior to analysis.
Concentrations of NOs and SO4 reported as below the analytical detection limits were replaced with estimated values obtained through a modified expectation-maximization (EM) algorithm [Dempster and others, 1977] .
Statistical Methods After editing the data set, each station contained approximately 600 observations for each analyte. These data were analyzed statistically, without modification, for trends. However, inspection of the data indicated both seasonality and dependence on collector volume. Removal of seasonality and dilution effects is desirable because these factors can obscure trends in the data.
Using the approach of Schertz and Hirsch [1985] , the linear model shown below was fitted to the natural logarithms of sulfate and nitrate data:
where V = collector volume, in liters, C = analyte concentration, in milligrams per liter, t = time, measured in years from 1980, Po> Pi, p2 and ps = model parameters, and e = residual error This model removes much of the collector-volume and seasonality effects [Schertz and Hirsch, 1985; Cohn and others, 1992 ]. The same model was fitted to pH data without logarithmic transformation of pH data.
The KendalTs tau statistical procedure [Hirsch and others, 1991; Hirsch and Gilroy, 1985; Hirsch and others, 1982] was then used to identify trends in the regression's residuals. Sen's slope estimator was used to estimate the direction and magnitude of the observed trends [Helsel and Hirsch, 1992] .
Results of Trend Analysis Table 1 presents the Kendall's tau results from the sulfate, nitrate and pH models. The first four columns identify the station and state. Columns five and six report the trend slope in percent per year and the corresponding p-value for sulfate. Columns seven and eight report the same information for nitrate; with columns nine and ten reporting pH. For pH the trend slope is reported in pH units per year. Table 2 uses the same format as Table 1 to present Kendall's tau results from the analysis of the analyte concentration data without seasonal or volume adjustment. The two methods yield nearly-identical trend estimates. Thus the adjustments for collector volume and seasonality appear not to have induced the trends observed in Table 1 .
The information shown in Table 1 
CONCLUSIONS
A trend analysis was conducted on the residuals of a linear model fit to atmospheric deposition data from 33 sites across the United States. The results indicate substantial and statistically-significant (p = 0.05) downward trends in sulfate at 26 of the 33 stations. Results for nitrate indicate significant downward trends at 3 stations. Significant upward trends in pH were observed at nine stations, and a significant downward trend was observed at one station. Collectively, the trends suggest a decrease in precipitation acidity between 1980 and 1991. , 1980-1991 
